Abstract: It has been suggested that classical black holes in the brane-world reproduce the semiclassical behaviour of four-dimensional black holes, hence giving an interpretation of the Hawking evaporation process in holographic terms. We study the gravitational collapse of a spherical star in the brane-world in order to clarify the underlying dynamics that leads to this interpretation. We find that effective brane-world equations naturally lead to the collapsing star emitting a flux of energy that approaches the Hawking behaviour as the (apparent) horizon is being formed. The trace anomaly of four-dimensional quantum field theory is also interpreted in this context as the brane-world contribution to the trace of the energy-momentum tensor of matter.
Introduction
It is well known that black holes are unstable in four (and higher) dimensions because of the Hawking effect [1] , that is the quantum mechanical production of particles in strong inhomogeneous gravitational fields. It is also well known that such an effect leads (and is deeply linked) to the trace anomaly of the radiation field on the black hole background [2, 3] . However, for a complete description of black holes, the semiclassical Einstein equations should be solved including the back-reaction of the evaporation flux on the metric, which turns out to be an extremely hard task (for a recent attempt to incorporate the effect of the trace anomaly see Ref. [4] ).
In the context of the Randall-Sundrum (RS) brane-world models [5] , it was shown in Ref. [6] that the collapse of a homogeneous star leads to an exterior which is not static, contrary to what happens in four-dimensional General Relativity (GR). In particular, a possible non-static exterior has been found which is radiative [7] . If one associates black holes as the natural ending state of the collapse, one may conclude that classical black holes in the brane-world should suffer of much the same problem as semiclassical black holes: no static configuration for their exterior might be allowed.
In particular, it has been shown in Ref [8] , that all known black hole-like metrics on the brane lead to Weyl anomalies with a natural interpretation in the context of the holographic analogy [9] . Moreover, such anomalies could be related to an instability, as those metrics do not seem to have the correct weak field expansion in RS (see Ref. [10] for a discussion of this issue). Further, forcing a static exterior, a trace anomaly outside a homogenous and isotropic collapsing star appears which is of the same form, but with opposite sign, as that of semiclassical black holes. This suggested the possibility that black hole metrics which solve the bulk equations with brane boundary conditions, and whose central singularities are located on the brane, genuinely correspond to quantum corrected (semiclassical) black holes on the brane [11, 12] , in the spirit of the holographic principle [9] and AdS/CFT conjecture [13] .
We recall that in the brane-world scenario of Ref. [5] , our Universe is a codimension one four-dimensional hypersurface of energy density λ. It is hence useful to introduce Gaussian normal coordinates x A = (x µ , y), where y is the extra-dimensional coordinate such that the brane is located at y = 0 (capitol letters run from 0 to 4 and Greek letters from 0 to 3). The five-dimensional metric can then be expanded near the brane as [14] where K AB is the extrinsic curvature of the brane, and £n the Lie derivative along the unitary four-vectorn orthogonal to the brane. We also recall that the junction conditions at the brane lead to [15] K µν ∼ T µν − 1 3 (T − λ) g µν , (1.2) where T µν is the energy-momentum tensor of the matter localized on the brane, and [14] £nK µν ∼ E µν + f (T ) µν , (1.3) where E µν is the projected Weyl tensor on the brane and f (T ) µν a tensor which is a function of T µν and λ only. Junction conditions in GR [16] allow to have (step-like) discontinuities in the energymomentum tensor (for example, across the surface of a star) keeping the first and second fundamental forms continuous. For thin (δ-like) surfaces, a step-like discontinuity of the extrinsic curvature orthogonal to the surface is also allowed as long as the metric remains continuous [16] . Since a brane in RS is itself a thin surface, it generates an orthogonal discontinuity of the extrinsic curvature in five dimensions as allowed by GR junction conditions. However, any discontinuities in the energy-momentum tensor of matter on the brane would induce discontinuities in the extrinsic curvature (1.2) which are tangential to the brane and would therefore appear in the five-dimensional metric (1.1). Such discontinuities of the metric are not allowed by the regularity of five-dimensional geodesics. Moreover, because of the second order term in Eq. (1.1) and considering Eq. (1.3), we can not allow the projected Weyl tensor to be discontinuous on the brane either.
One can understand the above regularity requirement by considering that, in a microscopical description of the brane-world, matter should be smooth along the fifth dimension, yet localized on the brane (say, within a width of order λ −1/2 ; see, e.g. Refs. [17] ). In any such description, the continuity of five-dimensional geodesics must then hold and, in order to build a physical model of a star, one has to smooth both the energy-momentum tensor of the matter and the projected Weyl tensor across the surface of the star on the brane.
As we mentioned above, it has been shown in Ref. [6] that, if one requires a static exterior for the gravitational collapse of a homogeneous and isotropic cloud, brane-world effects produce an effective "energy surplus" which is encoded by a positive curvature in such an exterior and which cannot be generated by any bulk back-reactions. Hence, we expect that this excess energy will be released via a mechanism that leads to a mass loss from the star. The positive curvature in the exterior does not have any GR description but can be reproduced, with opposite sign, by quantum computations [2] 1 . The fact that the sign of the Weyl anomaly is opposite in classical and quantum computations might be understood by recalling that the classical anomaly is due to an effective potential energy at the boundary of the star that must be released [18] . This should happen in order to have an exterior compatible with the junction conditions. In this way, it might be possible to revert the sign of the anomaly just considering that the energy surplus should be converted into an effective negative flux of energy from the boundary of the star.
In Section 2, we shall briefly review a simple holographic interpretation of the Hawking radiation in the brane-world. In Section 3, we shall build a physical model of the Tolman type [19] that converges to the Oppenheimer-Snyder model [20] in the GR limit and show that the brane-world corrections lead to an emission of energy from the star. In Section 4, we shall analyze in details the formation of the (apparent) horizon and physical quantities related to it, such as the outer trace anomaly, which will then be interpreted in terms of the brane-world corrections to the matter distribution. We shall finally comment on our results in Section 5.
In the following, we shall use natural units with G = = c = 1 and four-dimensional metric signature (− + ++).
Holographic description
Before trying to "cure" the Weyl anomaly, let us have a closer look at the features of the effective energy surplus on the exterior of the star [6] . We first note that, as pointed out by different authors [8, 12, 18] , the energy surplus reproduces, in absolute value, the same Weyl quantum anomaly as that computed on a Schwarzschild background [2] , which corresponds to the unique exterior for a collapsing spherical star in GR. More precisely, in static coordinates one has, outside of the star, where R µ µ is the Ricci scalar, M is the physical mass of the star 2 and R is the Schwarzschild radial coordinate. As it was remarked in Ref. [12] , the holographic interpretation for such a contribution cannot be of the AdS/CFT kind, because both classical black holes on the brane and the semiclassical black holes in GR correspond to strong deviation from AdS and CFT (see also Ref. [8] ). We shall indeed show that we cannot reproduce the evaporation process if the bulk is simply AdS (or with zero Weyl tensor).
As a first step, we shall show that, if a black hole is formed from matter collapsing in the brane-world, the area of its horizon (to first order in λ −1 and for a short time after its formation) follows (in absolute value) the evaporation law for semiclassical black holes [1] . In particular, we will see that the horizon will evaporate provided the Weyl contribution is dominant and we may therefore assert that the brane-world collapse gives, to first order in λ −1 and for some five-dimensional geometries, a good description of the first order quantum process related to it. Let us also note that quantum calculations in Refs. [1, 2] were performed in adiabatic and static approximation, so in some sense to first order in the back-reaction parameter of the quantum theory.
Following Ref. [6] , we assume that outside the star there is a Schwarzschild-like metric with mass function
where M S is the usual ADM contribution (see Section 3 for more details) and
where, in a cosmological background, the constant µ is related with the mass of a black hole sitting in the bulk [21] and Λ is the effective four-dimensional cosmological constant on the brane (as we are interested in studying brane-world effects on the asymptotically flat Schwarzschild solution, we shall set Λ = 0 henceforth). We shall denote by R s = R s (τ ) the radius of the collapsing object which depends on the proper time τ . The geodesic equation of motion in the Schwarzschild-like space-time determines R s according to 3
in which we have selected the case corresponding to zero initial velocity for infinite initial radius. We are now interested in the time when the surface of the collapsing object encounters its horizon. This happens at the time
We will discuss later on the meaning of "physical mass". 3 We shall use the notationḟ = ∂τ f and f ′ = ∂rf when it is not confusing. 4 It is important to note that, while Rs is the physical radius of a particular comoving trajectory of the collapsing fluid, the function 2 MH (τ ) would represent the time-evolution of the horizon which does not occur at fixed comoving radial coordinate (see Section 4.1). We must hence stress that in the formulas below the subscript H merely indicates that a given function of τ is evaluated at the time τH .
We can then see how the mass function is changing when the surface of the star crosses its own horizon. The surface area of the collapsing object is given by A = 4 π R 2 s and we define A H ≡ A(τ H ). One then haṡ
where we usedṘ H ≡Ṙ s
Eq. (2.2), which implies the first order resulṫ
We have therefore shown that the collapsing process leads to a negative energy flux from the boundary of the star as it approaches the horizon if µ > 1. Since a positive µ, in general, corresponds to a reinforcement of the localization of gravity in RS [22] , we can assert that an OS region mainly evaporates into gravitational waves propagating on the brane. However, we will see that for a more realistic model of a collapsing star in the brane-world, with a continuous density, the sign of the Weyl energy must change (gradually) passing from the interior to the exterior of the star. This implies that the evaporation process actually ejects energy off the brane via gravitational waves (as it was suggested in Ref. [11] ). Up to this point, we have not considered any back reaction on the metric, so that the same flux (2.8) will reasonably be seen by a distant observer for whom ∂ τ asymptotically becomes a time-like Killing vector. However, the surplus energy must be released, since no brane-world or GR model can explain the Weyl anomaly, and this directly implies that Eq. (2.8) probably holds only for a short time about the formation of the horizon.
Gravitational collapse on the brane
In this section we will study a continuous model for gravitational collapse. In order to see the difference with respect to the Oppenheimer-Snyder (OS)-like model studied in Ref. [6] , we will consider a Tolman-like model where the star is a cloud of dust with falling off continuous density without sharp boundary.
General framework
Following Ref. [14] we can rewrite the brane-world effective four-dimensional Einstein equations with vanishing cosmological constant Λ on the brane as
Here we have
where u µ is the unit four-velocity of the matter (u µ u µ = −1), h µν the space-like metric that projects orthogonally to u µ (h µν = g µν + u µ u ν ) and π eff µν an anisotropic tensor. If the matter is an isotropic perfect fluid, the brane-world corrections to GR are described by the effective quantities [14] 
where ρ and p are the ("bare") energy density and pressure of matter. We also employed the following decomposition of the projected Weyl tensor on the brane
corresponding to an effective "dark" radiation on the brane with energy density U, pressure U/3, momentum density Q µ and anisotropic stress Π µν . Note in particular that non-local bulk effects can contribute to effective imperfect fluid terms even when the matter on the brane has perfect fluid form: there is in general an effective momentum density and anisotropic stress induced on the brane by the five-dimensional graviton. Bianchi identities supplied by the junction conditions produce two kinds of conservation equations [14] :
1. Local conservation equations (LCE):
2. Non-local conservation equations (NLCE's):
where we have introduced the spatially projected derivative D a (which is defined by
Spherically symmetric dust
For the case with zero pressure (p = 0), that is dust on the brane, the quantities in Eqs. (3.3), (3.4) and (3.6) reduce to
Provided the matter density ρ does not vanish in the region of interest, one can set up comoving coordinates in which u α = (−1, 0, 0, 0). In the following, we will look for spherically symmetric solutions with zero Weyl energy flux (Q a = 0) to first order in λ −1 , and with this conditions the metric takes the Tolman form 6
where R = R(τ, r) is a (in general non-separable) function of τ and r to be determined, and 4 π R 2 (τ, r) represents the physical area of the shell comoving with dust particles located at the coordinate position r at the time τ . With these symmetries the vorticity and acceleration of dust particles vanish, ω a = A a = 0, and we obtain the simplified LCE
and NLCE's
The volume expansion is also easily computed as 19) whereas for the shear one finds that 20) where h ab = g ab is the spatial part of the metric (3.15). By symmetry we expect the anisotropic pressure tensor to be diagonal and isotropic in the angular directions. Moreover, considering that Π α α = 0 we have, in such adapted coordinates, 21) and the term 22) which vanishes only in the OS background (homogeneous and isotropic space-time) for which R(τ, r) = g(r) X(τ ). We then see that the NLCE's becomė
The LCE (3.16) integrated over the spatial volume √ h dr dθ dφ = sin θ ∂ r (R 3 ) dr dθ dφ implies
where we have introduced the "bare" mass function 26) or, equivalently,
The meaning of Eq. (3.25) is obvious: since we have chosen to work in a comoving reference frame and p = 0, the "bare" energy contained within a sphere of fixed coordinate radius r cannot change in time, although the physical radius R(τ, r) of such a sphere decreases along the collapse. We can now consider the (τ, τ ) Einstein equation,
which yields the equation of motioṅ
in which we have introduced the "effective" mass
In the case M = 0 we want to have a flat space-time, so that F (τ ) = 0 (moreover the centre of the star must be at rest,Ṙ(τ, 0) = 0) and we finally obtaiṅ
Let us note that the effective mass is not constant in general. In fact,
For the particular case Π = 0, one then obtainṡ
where we have used both the LCE and the first NLCE. However, we can also show that, if we require the brane metric to be asymptotically flat, we must have a non-vanishing anisotropic stress (Π = 0) wheneverρ ′ = 0. We can prove that by showing that Π = 0 is not compatible with asymptotic flatness and the LCE and NLCE's. On combining Eq. (3.23) with Eq. (3.16) for Π = 0, we obtain
where U (r) is a time-independent integration function. From Eq. (3.24) with Π = 0, one instead obtains 
which is obviously in contradiction with the assumptionρ ′ = 0. This implies that for a continuous distribution of dust for whichρ ′ = 0, the r.h.s. in Eq. (3.24) is not always negligible and, consequently, one must consider Π = 0 7 .
Physical model
Following what we outlined in the Introduction, we shall now consider a model of a dust star with a "bare" density ρ which is practically homogeneous inside a region of comoving radial coordinate 0 < r < r 0 and then decreases rapidly to zero for r > r 0 (see Fig. 1 for a qualitative picture). Moreover, we shall employ a perturbative expansion in powers of λ −1 of all the relevant quantities, such as
In the "unperturbed" model, shells of different comoving radius move along geodesics solely determined by the inner geometry and reach the central singularity (R = 0) at increasing proper times (Tolman model [19] ) or at the same proper time (OS model [20] ). In the former case one can have an enlarging apparent horizon, while in the latter just an event horizon appears [23] . A basic feature of both Tolman and OS models in GR is that the ("bare") mass function at fixed comoving radius is constant in time and remains well defined all along the collapse. However, to first order in λ −1 , the role of the bare mass is taken by the "effective" mass (3.30) which will be shown to diverge for R → 0, generating an infinite energy as well as the usual GR geometrical singularity.
This implies that either the brane-world col- lapse cannot be related to the GR case perturbatively (in λ −1 ) or that the effective brane-world equations break down at very large densities (of the order of λ) and further (string-like) corrections must be included. In the latter case, one can, for example, envisage that very dense matter might leak out of the brane and into the bulk. Where one however willing to trust such equations, the only way of curing the above-mentioned singularity is that none of the shells reach R = 0 8 . Whatever is the case, in order to proceed further, we can only trust our perturbative description sufficiently away from the central singularity.
We shall divide our analysis in three regions 9 (see Fig. 1 
):
I : the "core" (0 < r < r 0 ), where ρ ′ ≃ 0 and one has an OS behaviour; 8 We incidentally note that this would be in agreement with the uncertainty principle of quantum mechanics. In fact, it has been speculated that classical brane-world equations reproduce four-dimensional quantum equations [24] . 9 The boundary of the regions are considered as limits.
II : the "transition region" (r 0 < r < r s ), with Tolman behaviour due to ρ ρ ′ being non-negligible;
III : the "tail" (r > r s ), with ρ ρ ′ ≃ 0.
The core
We shall first show that in the core region of a star, if we consider zero physical pressure (p = 0) and zero Weyl energy flux (Q a = 0), the solution which appears more regular is the OS model as found in Ref. [6] . For 0 < r < r 0 as zeroth order functions in the expansion (3.38), we shall take the flat Tolman solution [19] which, by re-scaling the coordinate r, can always be written as [23] 
(3.39)
where M S is the ADM mass as it would be without any brane-world effect and equals the Schwarzschild mass for λ → ∞. In the same limit, r 0 becomes the comoving radius of the surface of the collapsing sphere. The function τ 0 (r) represents the (proper) time at which the shell of comoving radius 0 < r < r 0 hits R = 0 and must be monotonically non-decreasing in r in order to avoid shell crossings. The bare mass M (0) is obtained from the unperturbed (and, in general, non-homogeneous) density
In order to recover the GR Tolman model we must further assume that U and Π are at least of order λ −1 (U = λ −1 U (1) and Π = λ −1 Π (1) ), and that the outer vacuum is given by the Schwarzschild geometry with (constant) mass parameter M S to O(λ 0 ).
By making use of the zeroth order solution above, the equation of motion for the dust shells (3.31) leads to the equation for the first order correction R (1) ,
In the above, the correction to the effective mass turns out to be
and does not depend on any matter density correction (ρ (1) ). It is thus solely determined by zeroth order quantities and U (1) as
The above integral is not well-defined for all τ > 0. In fact, R (0) → 0 for τ → τ 0 (r) and the first term in the integral (proportional to ρ (0) 2 ) therefore diverges for r → τ −1 0 (τ ). To see this more clearly, let us define T 0 ≡ τ 0 (0) the time at which the innermost shell (at r = 0) hits the singularity, R (0) (T 0 , 0) = 0. For τ ≥ T 0 , one can formally split the integral into two parts (we omit irrelevant numerical factors),
The first integration would be over matter already collapsed into the point-like singularity for which the volume element R (0)2 R (0) ′ = 0, and the corresponding values of r do not represent a valid spatial coordinate any longer. This integral should hence be replaced by some δ-function contribution to be defined. The second integration is instead over a range in which r is still a valid coordinate, but it diverges as 10
The above singularity cannot even be eliminated by the contribution containing U (1) , since one can easily check that the relation U (1) ∼ −ρ (0) 2 /2 is not compatible with the NLCE's and the unperturbed solution (3.39).
In the OS case, for which
is a constant, the divergence appears somewhat easier to handle, since there is no undefined integral such as the first one in the r.h.s. of Eq. (3.45) and the correction M (1) just diverges for τ → T uniformly for all values of r. As mentioned above, this corresponds to the GR space-time singularity, so in the following we will consider a simple OS collapse (to all orders in λ −1 ) for 0 ≤ r < r 0 ,
as was done in Ref. [6] . Since in this region ρ ′ = 0, we can have Π = 0, and the NLCE reduce tȯ
which are solved by where U 0 (r) ∼ r 8/3 , and µ is a constant.
We can now study the total effective mass contained within a radius r at the time τ as defined in Eq. (3.30), which depends on the time. In fact, its time derivative, as given by Eq. (3.33), becomeṡ
As ∂ r ρ 2 /2 + U/3 = 0, we can simply integrate (3.51) obtaininġ
Using Eqs. (3.41), (3.47) and (3.50) in Eq. (3.52) we finḋ
and inserting the equation of motion (3.31), we finally obtaiṅ
We then have a decrease ("evaporation") of the effective mass for those shells such that
in which we have defined R 0 ≡ R(τ, r 0 ). Let us note that, since |Ṙ| ≪ 1 for |τ | ≪ T , the evaporation is effective from the very beginning of the collapse. However, if shells exist such that R = R 0 |Ṙ|/µ 1/4 , the effective mass included inside them would remain constant (to first order in λ −1 ), as happens in GR. We would hence call those shells "Schwarzschild shells".
The transition region
For r 0 < r < r s , we are in the transition between two regions of almost constant density.
Since in the GR model, ρ = 0 for r > r 0 , we can consider that the energy outside the OS star is entirely a brane-world correction. The density therefore must decrease rapidly from a value which is of order λ 0 to a value of order λ −1 . This can be formalized as
where r 0 is again the border between the regions I and II. Moreover, since the transition is a brane-world effect, we can take r s − r 0 = O(λ −1/2 ) and, since U = O(λ −1 ), we expect that
for r 0 < r < r s , and the contribution of U to the effective mass in region II can therefore be neglected. Combining these results, we obtain that, to first order in λ −1 , the effective mass is given by
where ∆m is defined in Eq. (3.56). We now consider the Ricci scalar. From the Einstein equations, R µ µ = −8 π T eff , one obtains
Upon integrating this equation over region II and taking into account Eq. (3.56), we get, to first order in λ −1 ,
in which r 0 < r < r s . From the equation of motion (3.31) with the effective mass (3.58), the above relation yields
Since all functions are assumed to be continuous across r 0 , this implies thaṫ
where R 0 (τ ) = R 0 (τ, r 0 ) as defined in the previous Section. One then concludes that, ifṀ is negative at r = r 0 , it will be negative (and substantially unaffected) throughout r = r s .
The tail
As in region II, we can consider ρ = O(λ −1 ). Moreover, we can now consider ρ ′ = O(λ −1 ) as well, and the NLCE's therefore admit the solution [25] 
whereμ is a constant (in general) different from µ. As we shall see below, in order to match the flux of energy coming from the interior to the one in the exterior we must assumeμ > 0. This means that the Weyl energy U changes sign (continuously) when passing from the interior to the exterior of the star through the transition region (as was already noticed in Ref. [6] ), while Π goes from zero to −2 U across the same region. As we have already discussed, shells in the core region mainly evaporate on the brane. However, the opposite sign of U in the exterior implies that the star, as seen in the exterior, mainly evaporates via gravitational waves which escape from the brane into the bulk (in agreement with the results of Ref. [11] ). With the above solution for U, to first order in λ −1 , the effective mass in this region becomes
64) and its time variation is then given by the Weyl term only, 
On assuming the continuity of the flux between the regions II and III, from equating Eq. (3.62) to Eq. (3.68) at r = r s , we also have
This relation will turn out to be useful in the next Section.
Black hole formation and evaporation
We now proceed to analyze the model developed in the previous Section near the (forming) horizon.
Horizons
In light-cone ingoing coordinates (v, R, Ω) the Tolman metric becomes
and we recall that shells of constant r reach the (apparent) horizon when dR/dv = 0, i.e. at the time τ whenṘ (τ, r) = −1 ,
providedṘ(τ, x) > −1 for x > r (at least locally). From the equation of motion (3.31), this is equivalent to R(τ, r) = 2 M (τ, r). This means that surfaces of different comoving radial coordinate r reach the null surface (horizon) at different proper times, τ = τ H (r). Equivalently, we can define r = r H (τ ) as the value of r at which the horizon is formed at the time τ . The function r H (τ ) is of course model dependent and affects how the effective mass evaluated on the horizon, M H (τ ) ≡ M (τ, r H (τ )), changes in time. In fact, its total time derivative contains two contributions, dM
3)
The first term in the r.h.s. originates from the intrinsic time dependence of the effective mass at constant r in the brane-world which we have studied in the previous Section. It is a first order effect in λ −1 and would vanish in GR. The second term accounts for the mass change due to the (possibly) variable number of shells included within the horizon. Since we have assumed that our model is overall OS to zeroth order in λ −1 , we have M ′ H = O(λ −1 ) outside the modified OS boundary (r > r s ∼ r 0 ). Further, since the OS horizon forms at r = r 0 and does not further evolve in GR [23] , we must also haveṙ H = O(λ −1 ). Therefore, the second term above is of order λ −2 and can be neglected in our approximation, hence 4) to first order in λ −1 . We will later use this result to motivate that the total energy flux as seen from infinity is the Hawking flux (to first order in λ −1 ).
In the core
Since in this region the model is OS, the velocity |Ṙ(τ, r)| increases monotonically in r at fixed τ . There is therefore no apparent horizon, but just a global event horizon is generated at the boundary r = r 0 when R 0 (τ ) = R(τ, r 0 ) satisfies Eq. (4.2). This occurs at the time (to zeroth order in λ −1 )
where T is defined in Eq. (3.47) and, on the event horizon of region I, we then geṫ 6) which is precisely the Hawking flux obtained in Section 2.
at r = r s will remain causally connected with the outside only until the time when theand we can compare the above result with the semiclassical luminosity calculated in the Schwarzschild background [26] Φ t ≃ 10 73
In order to have a positive luminosity, we need µ ≫ 1 but not too large, otherwise the brane-world effects would be comparable with the GR one. We can, for example, consider µ ∼ 100. From Eq. (4.10) and assuming that the modulus of U does not vary significantly in the transition region, we also haveμ ∼ µ ∼ 100. Then, comparing Eq. (4.14) with Eq. (4.16), we get an estimate for λ, 17) which is of the order of the Planck scale and much larger than the astrophysical and cosmological bounds (see [18] and References therein). If we therefore take the holographic interpretation seriously, we must conclude that brane-world effects are completely negligible for energy densities smaller than the Planck scale.
Trace anomaly
Strictly speaking, there is no trace anomaly in our approach, since we have included the back-reaction of the effective matter on the metric. However, in order to compare with known results without the back-reaction, we can define the trace anomaly R as the sum of the Ricci scalar and the trace of the bare energy momentum tensor 11 . From the effective Einstein equation (3.59) one readily obtains
(4.18)
At the OS boundary, r = r 0 , we then have 19) where M S is the total bare mass of the OS core. This is precisely the quantum Ricci anomaly of Ref. [2] with the correct sign at the collapsing boundary. For r > r s , we have R = O(λ −2 ), which is therefore negligible from the point of view of our analysis. How the back-reaction on the metric gradually annihilates the Ricci anomaly in the transition region can only be understood by introducing specific models for the tail which must also be consistent with the five-dimensional problem. This however goes beyond the investigation we want to present here. In any case, if the holographic analogy holds, this means that the anomaly of Ref. [2] is only effective at the boundary of the OS core and decreases to zero at the modified boundary of the star (r = r s ). This occurs because the back-reaction to the metric must be consistent with the modified Einstein equations, whereas in Ref. [2] that was not the case, the Einstein equations having been solved only for the background. 11 We recall that, in GR, R µ µ = −8πT , whereas in the brane-world R µ µ = −8πT eff .
Conclusions
Inspired by the suggestion that classical black holes in the brane-world may reproduce the semiclassical behaviour of four-dimensional black holes, we have studied the gravitational collapse of a spherical star of dust in the brane-world in order to clarify the underlying dynamics that leads to this interpretation. Regularity of the bulk geometry requires continuity of the energy-momentum tensor of matter on the brane and leads to a loss of mass from the boundary of the star to infinity. We have in particular shown that, excluding energy fluxes coming from the Weyl tensor (Q a = 0), the interior of a collapsing star should be homogeneous and isotropic, whereas the exterior must be spatially anisotropic, although isotropic in the angular directions, in order to have asymptotically flat solutions. Interestingly, such a feature is also present in the quantum computation of the energy-momentum tensor on the Schwarzschild background [2] . We found that the effective brane-world equations lead to the collapsing dust star emitting a flux of energy that rather generically approaches the Hawking behaviour as the (apparent) horizon is being formed. Inside the star, each dust shell mostly releases energy into the next shell of larger radius, the whole process hence occurring mainly on the brane. However, this behaviour gradually changes moving on to the exterior of the star, where the energy lost from the interior is mainly converted to gravitational waves into the bulk.
The trace anomaly of four-dimensional quantum field theory has also been naturally interpreted in this context as the brane-world corrections to the trace of the energymomentum tensor of matter at the boundary of the core region. Moreover, it has been shown that the back-reaction to the metric effectively annihilates the anomaly throughout the transition region and into the tail, compatibly with the modified Einstein equations, unlike the semiclassical computations in which the Einstein equations are solved at the purely classical level (zeroth order in the Planck constant). Thus, if one believes in the holographic interpretation, it seems that the quantum anomaly would disappear to first order in the Planck constant when properly considering the back-reaction to the metric.
The above features were obtained for a black hole formed by a gravitational collapse, excluding therefore primordial black holes about which we have nothing to say. Let us finally note that similar features seem to appear for a quantum black hole [27] as well as in the semiclassical treatment of collapsing shells [28] .
